Introduction
Gene frequencies in blood groups and biochemical polymorphisms are valuable raw materials for estimating genetic relationships among populations. For this purpose several methods for estimating genetic distances between pairs of populations were proposed1,2), and applied to the analyses of breed relationships in domestic animals3-5).
In Japan many native breeds of chickens still exist. It is assumed that most of them originated during the Edo era (1600 to 1860), though no decuments on the breed histories are left. Studies on the phylogenetic interrelationships among Japanese native breeds have been mainly based on morphological comparisons6). Only recently, a few works on genetic distances among these breeds have been reported7-9). These investigations disclosed results somewhat different from the morphological studies. The interrelationships among the Japanese native breeds are still controversial. The object of the present study is to get clearer insight into the interrelationships among Japanese native breeds of chickens and to analyze the phylogenetic relationships between domestic fowl and jungle fowl.
Materials
Blood samples were collected from 942 birds belonging to 15 Japanese and one Indonesian native breeds of domestic fowl and four species of jungle fowl. The breeds or species surveyed in the present study are listed in Table 1 .
The blood samples of Japanese native breeds were collected from individual breeders or prefectural poultry experiment stations. The blood samples of the Indonesian native fowl were collected at farms in Sumatra and Sulawesi Islands of Indonesia. The blood samples of the jungle fowl were collected from the fowl maintained at the zoological garden or at the university in Japan, except for the samples of Green Jungle Fowl and some of the Red Jungle Fowl which were collected in Indonesia. It would be convenient to give a brief explanation here for the Japanese native fowl breeds surveyed in the present study. The geographical distribution of these breeds is shown in Fig. 1 . Discriptions of the individual breeds are as follows:
1. Shokoku : This is a breed of a long saddle type. Shokokus are mainly kept in Kyoto and the adjacent area, and seem to be descendants of chickens imported from China in the Heian era (800 to 1200).
2. Totenko : The features of this breed are a long saddle and a long crow. Male To- The abbreviations are as follows: 1. Shokoku; 2. Totenko; 3. Onaga-dori; 4. Hinaidori; 5. Koeyoshi; 6. Tomaru; 7 a. O-shamo and Ko-shamo; 7 b. Kinpa; 8. Chabo; 9. Tosa-jidori; 10. Satsuma-dori; and 11. Nagoya.
Goishi (Mottled) and Ginzasa (Gray), were used for the present study. 9. Tosa-jidori: Jidori is the oldest type of indigenous chickens in Japan. Tosa-jidori is a small type of Jidori originated in Kochi Prefecture.
10. Satsuma-dori: This breed is distributing in Kagoshima Prefecture. It is guessed that Satsuma-dori originated from crossbreds among Shokoku, Shamo and indigenous chickens in the Kagoshima area. This breed was previously used for game, but not any more today .11. Nagoya: This breed was established in the beginning of the 20th century by grading up indigenous fowl in the Nagoya area with Buff Cochin and others.
Methods Four blood group systems, A, B, D and E, were examined by hemagglutination.
Numbers of reagents used for the blood typing were four for the A, ten for the B, and two each for the D and E systems, respectively. To pave the way for comparison of the genetic constitution among populations, blood group genes were expressed in terms of phenogroups.
Thus, the nomenclature of blood group alleles is not necessarily the same as those of BRILES 10,11). Seven loci controlling plasma proteins were also examined by starch or agar gel electrophoresis. The list of loci examined is given in where qi is the frequency of the ith allele at a locus, and the bar means the average over all of the loci examined.
Genetic distances were estimated from gene frequencies for every pair of the populations, using two different methods.
One is the genetic distance proposed by NEI2). This is calculated as follows:
where qik and qjk are the frequencies of the kth allele at a locus in the ith and jth populations, respectively. The other method is the genetic distance devised by ROGERS18). This is calculated by the following formula:
The dendrogram was constructed from the genetic distance matrix by the unweighted pair-group method of SNEATH and SOKAL1).
Results Tables 3 and 4 show the gene frequencies at four blood group loci, A, B, D and E.
At the B locus, many alleles were found at low frequencies. Therefore, some alleles showing similar phenogroups were pooled. The X in the notation of phenogroups in Table 4 indicates this pooling. Since the present study is concerned only with genetic variation among breeds or species, such a treatment should be considered as a valid approximation.
The frequencies of the blood group alleles showed considerable variations among breeds or species, especially at the A and B loci. Certain specific features were found in some of alleles. For example, the AR allele showed high frequencies in the breeds originating in northern Japan, such as Hinai-dori, Koeyoshi, Tomaru and Shamos. The e allele was detected only in jungle fowl.
The gene frequencies at seven electrophoretic polymorphic loci are shown in Table 5 . The frequency of alkaline phosphatase akp allele was very high in all the populations except for the Totenko and Onaga-dori. Although the frequency of esterase Es-1C allele was zero or very low in most of the populations, it was comparatively high in the breeds of small body size such as Ko-shamo, Chabo and Tosa-jidori. High frequencies of AlbB and PasA were observed in the domestic fowl. On the other hand, the alleles AlbC, AlbD and Pas_??_ showed high frequencies in the jungle fowl.
The proportion of heterozygosity per individual was estimated for each of the populations. Most of the estimates were 0.3 to 0.4. Only Shokoku and Totenko showed comparatively low value, 0.19 and 0.20, respectively.
Matrices of genetic distances between every pair of breeds or species were calculated from the gene frequencies at the 11 loci and are presented in As shown in Figs. 2 and 3, Japanese native breeds were divided into five groups by the cluster analyses. The first group consisted of Hinai-dori, Koeyoshi, Tomaru and Shamos; the second group of Chabos, Satsuma-dori and Nagoya; the third of Totenko and Onagadori; and the 4th and 5th groups included only one breed, Tosa-jidori and Shokoku, respectively. The Indonesian native fowl showed a close relationship to the second group.
Discussion
The ancestry of domestic fowl There have been considerable arguments as to whether the progenitor of domestic fowl was only the Red Jungle Fowl or involved two or more species of Gallus19,20) Although most of the studies were based on morphological characteristics and hybridization experiments, the results still seem to be not conclusive20).
As shown in Figs. 2 and 3 , the genetic relationship of domestic fowl to Red Jungle Fowl was close but the relationships to other three species of jungle fowl were not close. Average NEI's genetic distances between domestic fowl and Red, Gray, Ceylonese and Green Jungle Fowls were 0.230, 0.336, 0.658 and 0.681, respectively, and those of ROGERS' distance were 0.298, 0.387, 0.507 and 0.493, respectively.
Furthermore, the alleles Es-1D and AlbD which have not been detected in the domestic fowl were found in the Green Jungle Fowl (Table 5) . On the other hand, BAKER et al. 21,22) reported that alleles not yet observed in domestic fowl were found at the egg albumen G2 and G3 loci of Gray and Ceylonese Jungle Fowls. All of these results suggest that Red Jungle Fowl is the main progenitor of the domestic fowl. Interrelationships among the Japanese native fowl breeds As shown in Figs. 2 and 3 , the Japanese native breeds are able to be divided into five Genetic  Distances  between  Chicken  Breeds  327 groups. It is noteworthy that the breeds belonging within the same group are geographically related. For example, the breeds belonging to the first group such as Hinai-dori, Koeyoshi, etc. originated mainly in the district of northern Japan. The close relationships among the breeds within the first group also agree with the known histories of those breeds. Similarly, the second group is mainly distributed in central and southern Japan, and the third group in Kochi Prefecture of southern Japan. These results suggest that frequent crosses among local populations in adjacent areas might be performed in the process of the formation of these breeds.
A special point of interest concerned the relationships among Shokoku, Totenko and Onaga-dori. It was assumed prevailingly that Shokoku was a main ancestor of Totenko and Onaga-dori6). However, the present work reveals that Shokoku is very different from latter two breeds. A similar result was also obtained by TANABE and MIZUTANI8). Furthermore, the ear lobe of Shokoku is red and that of Totenko and Onaga-dori is white. TANABE23) suggested that Onaga-dori originated from Totenko, but not from Shokoku. The present results support the TANABES' suggestion.
Although the frequency of alkaline phosphatase Akp allele was very low in most of the Japanese native breeds, it was very high in Totenko and Onaga-dori. TANABE et al. 24) had also found similar results. These data also confirm the close relationship between Totenko and Onaga-dori. The difference between the present results and the breed histories presumed from other data was also found in the Satsuma-dori. As stated in the explanation of breeds, Satsumadoni was presumed to be closely related to Shokoku and Shamo. In this study, however, Satsuma-dori is very distinct from Shokoku and Shamo.
Another point of interest is the frequency of the Es-1C allele of plasma esterase. This gene showed comparatively high frequency in the breeds of small body size. Similar results were also obtained by TANABE et al. 24 ) and HASHIGUCH et al. 9) These results suggest that the Es-1C allele might be associated with small body size.
Summary
Phylogenetic analyses were carried out using 15 Japanese and one Indonesian native breeds of domestic fowl and four species of jungle fowl. Gene frequencies at four blood group and seven electrophoretic loci were examined.
The gene frequencies at some loci showed geographical trends, and the frequencies of some alleles were different between the domestic fowl and jungle fowl. The average genetic distances between the domestic fowl and jungle fowl were small for Red Jungle Fowl, intermediate for Gray Jungle Fowl, and very large for Ceylonese and Green Jungle Fowls.
Cluster analyses of 15 Japanese native breeds of chickens showed that these breeds could be divided into five groups: the first group consisting of Hinai-dori, Koeyoshi, Tomaru and Shamos; the second of Chabos, Satsuma-dori and Nagoya; the third of Totenko and Onagadori; the 4th and 5th of Tosa-jidori and Shokoku, respectively. Indonesian native fowl showed a close relationship to the second group. 
